THE EFFECTS OF TEMPERATURE ON BATRACHOCHYTRIUM DENDROBATIDIS RESISTANCE AND HEART RATE IN THE POLYMORPHIC EASTERN RED-BACKED SALAMANDERS, PLETHODON CINEREUS by DeMarchi, Joseph Alan
John Carroll University
Carroll Collected
Masters Theses Theses, Essays, and Senior Honors Projects
2018
THE EFFECTS OF TEMPERATURE ON
BATRACHOCHYTRIUM DENDROBATIDIS
RESISTANCE AND HEART RATE IN THE
POLYMORPHIC EASTERN RED-BACKED
SALAMANDERS, PLETHODON CINEREUS
Joseph Alan DeMarchi
John Carroll University, jdemarchi19@jcu.edu
Follow this and additional works at: https://collected.jcu.edu/masterstheses
Part of the Biology Commons, and the Ecology and Evolutionary Biology Commons
This Thesis is brought to you for free and open access by the Theses, Essays, and Senior Honors Projects at Carroll Collected. It has been accepted for
inclusion in Masters Theses by an authorized administrator of Carroll Collected. For more information, please contact connell@jcu.edu.
Recommended Citation
DeMarchi, Joseph Alan, "THE EFFECTS OF TEMPERATURE ON BATRACHOCHYTRIUM DENDROBATIDIS RESISTANCE
AND HEART RATE IN THE POLYMORPHIC EASTERN RED-BACKED SALAMANDERS, PLETHODON CINEREUS"
(2018). Masters Theses. 37.
https://collected.jcu.edu/masterstheses/37
By                                                                                                                                                                 
Joseph Alan DeMarchi                                                                                                                                 
2018 
THE EFFECTS OF TEMPERATURE ON BATRACHOCHYTRIUM DENDROBATIDIS 
RESISTANCE AND HEART RATE IN THE POLYMORPHIC EASTERN RED-BACKED 
SALAMANDERS, PLETHODON CINEREUS  
 
 
 
 
 
 
 
 
 
A Thesis Submitted to the                                                                                                                         
Office of Graduate Studies                                                                                                                     
College of Arts & Sciences of                                                                                                               
John Carroll University                                                                                                                               
in Partial Fulfillment of the Requirements                                                                                               
for the Degree of                                                                                                                                 
Master of Science 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
 
 
 
 
 
The thesis of Joseph Alan DeMarchi is hereby accepted. 
 
 
 
 
__________________________________ 
 
 
___________________________ 
Reader – Dr. James Watling Date 
 
 
 
_________________________________ 
 
 
 
___________________________ 
Reader – Dr. Cari-Ann Hickerson Date 
 
 
 
__________________________________ 
 
 
 
        ___________________________ 
Advisor – Dr. Carl Anthony Date 
 
 
 
__________________________________ 
 
 
 
        ___________________________ 
Advisor – Dr. Matthew Venesky Date 
 
 
 
 
 
 
 
 
I certify that this is the original document. 
 
 
 
__________________________________ 
  
 
 
__________________________ 
Author – Joseph Alan DeMarchi  Date 
 
 
3 
 
Table of Contents………………………………………………………………………….3 
Chapter 1: An inexpensive and non-invasive method for measuring heart rates in 
terrestrial salamanders....…………………………………………………………..5 
Introduction………….…………………………………………………………….5 
Methods……………………………………………………………………………7 
Validation…….…………………………………………………………………....9 
Applications……………………………….……………………………………...10 
References……………………………………………..…………………………11 
Figures…………………………………………………………………………....17 
 Figure 1…………………………………………………………………...17 
 Figure 2…………………………………………………………………...18 
Figure Legends…………………………………………………………………..18 
 Figure S1…………………………………………………………….…....18 
 Figure S2………………………………………………………………....19 
Chapter 2: Physiological changes in response to temperature and chytrid infection in the 
polymorphic Eastern Red-backed Salamander..…………...……………………..20 
Abstract…………………………………………………………………………...20 
Introduction……………………………………………………………………….21 
 Methods……………...…………………...………………………………………26 
Collection & Husbandry....……………………………………………… 26 
Experimental Design..……………………………………………………26 
Bd Exposure….…………………………………………………...……....28 
Bd Swabbing……………………………………………………………...28 
4 
 
Heart Rate Procedure………………………………………………..…....29 
Statistical Analyses……………………………………………………….30 
 Results…………………………………………………………………………..32 
Bd abundance……………………………………………………………..32 
Heart Rate…………...……………………………………………………32 
% Mass Change…….….…………….……………...…………...……….33 
Discussion..……………………………………………………………………………….. ..33 
Acknowledgements………………………………………………………………………41 
References………………………………………………………………………………..41 
Figures……………………………………………………………………………..……...55 
 Figure 1……………………………………….………………………………….55 
 Figure 2…………………………………………………………………………..56 
 Figure 3……………………………………………………………..……………57 
 Figure 4………………………………………………………………….……….58 
Figure 5…………………………………………………………………...……...58 
 Figure 6………………………………………………………………..………....59 
Figure Legends…………………………………………………………………………..59 
 Figure S1……………………………………………………………….………...59 
 Figure S2…………………………………………………………………..……..59 
 Figure S3……………………………………………………………..…………..60 
Figure S4……………………………………………………………….………...60 
 Figure S5…………………………………………………………………..……..60 
 Figure S6……………………………………………………………..…………..60 
5 
 
Chapter 1 
Title: An inexpensive and non-invasive method for measuring heart rates in terrestrial 
salamanders 
Introduction - Measuring heart rate has practical uses in many biological studies, it is an 
indirect indicator of metabolic rate (Bennet 1972; Bradford 1983; Butler et al. 2004) and stress 
(Sgofio et al. 1997; Korte et al. 1999). Metabolic rate, in turn, is an indicator of whole animal 
stress in plethodonid salamanders because it increases in response to the release of stress 
hormones (Wack et al., 2011). Furthermore, ectothermic animals, heart rate increases in response 
to thermal stress (Taylor et al., 1996). Therefore, heart rate measurements can be used as a 
substitute for both metabolic chamber studies which measure O2 consumption or CO2 
production, and environmental stress studies which quantify measures of stress through hormone 
release.  
Traditionally, heart rate measurements are performed through electrocardiography, 
seismocardiography (Aubret et al., 2013), and a variety of internally implanted data loggers 
(Altmiras et al. 2000). The methods used are dependent upon the application, sample size and 
species, and funding. Here I demonstrate a simple and inexpensive method of measuring heart 
rate in small salamanders (< 2g) in laboratory studies. Using a magnifying glass, test tube, and 
video recording device, researchers can use this method to estimate heart rate in the field. 
Ectotherms are physiologically sensitive to temperature changes in their environment 
(Calosi et al., 2008). Within a range of temperature around the thermal optimum, organisms are 
capable of maintaining homeostasis and high physiological performance (Huey and Stevenson, 
1979). At extreme temperatures, outside of the optimal range, organisms are unable to regulate 
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their body temperature and maintain homeostasis. This compromises an organisms’ basic 
physiological functions such as locomotion, growth, immunity and reproduction (Deutch et al., 
2008). Individuals adjust their physiology in accordance with changing environmental conditions 
to maintain performance (Romero et al. 2009; Huey et al., 2012). Endothermic animals are able 
to regulate their own body temperature, expending large amounts of energy in order to 
metabolically control their body temperature near their physiological optima (Randall et al., 
2002). In contrast, ectotherms have limited capacity to metabolically control body temperature 
and must rely on environmental temperatures to sustain homeostatic equilibrium. To maintain 
physiologic performance in non-optimal temperatures, ectotherms must alter their heart rates to 
promote oxygen delivery to more important physiological functions (Gollock et al., 2006; 
Franklin et al., 2007). As a result, temperature directly affects heart rate in a predictable manner 
such that heart rate is positively correlated with temperature (Lillywhite et al., 1999).  
The Eastern Red-backed Salamander, Plethodon cinereus, is a common and ecologically 
important terrestrial salamander found throughout the northeastern United States and 
southeastern Canada (Anthony & Pfingsten, 2013). Plethodontids such as P. cinereus are 
commonly used models for studies of behavioral ecology, community ecology, physiological 
ecology, and life-history evolution (Bruce et al., 2000; Bonett & Gifford 2016; Jaeger et al., 
2016; Woodley 2017). Plethodon cinereus is strongly limited by temperature and actively seeks 
optimal temperatures between 16-18°C. They become thermally incapacitated between 32-33°C 
(Feder & Pough, 1975).  Three studies have investigated the effects of temperature on heart rate 
(Weitzel & Mueller 1973) and metabolic rate (Moreno, 1989; Petruzzi et al., 2006) of P. 
cinereus. In each study, researchers showed that both metabolic rate and heart rate increase with 
temperature. Previous studies used internally implanted data loggers to measure heart rate at 
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different temperatures (Weitzel & Mueller, 1973). Implanted data loggers are expensive, hard to 
implant in small salamanders (<2g), and can alter physiology and behavior. Additionally, data 
loggers can alter behavior and increase energetic expenditure (Guillmette et al., 2002; Bridger & 
Booth, 2003) potentially confounding measured values. Implanting data loggers in small animals 
like salamanders could induce stress, which can alter heart rate in amphibians (Laming and 
Austin, 1981; CordeiroDeSousa and Hoffman, 1985; Hillman et al., 1987; Wahlqvist and 
Campbell, 1988). Thus, finding a new, minimally-invasive method could allow researchers to 
record accurate heart rates quickly and cheapl for a large number of salamanders. In this study, 
heart rates of P. cinereus were examined at different temperatures using a simple and 
inexpensive method.  
Methods -  Heart rates were measured for 64 striped adult Plethodon cinereus. All P. 
cinereus were collected (ODNR permit # 92-112) by hand from the Manatoc Boy Scout Camp 
property (MBSC; 41°13'37.2"N, 81°31'17.2" W) in Summit County, OH. Salamanders were 
housed in a temperature-controlled room on a natural photoperiod in individual vented plastic 
containers (13.7 x 11.4 x 6.4 cm) with non-bleached paper towels soaked with 13mL of natural 
spring water. When not undergoing experimentally controlled temperature treatment, animals 
were maintained at approximately 16.5°C. For the duration of the experiment and to avoid spatial 
pseudoreplication (sensu Hurbert 1984) I housed all salamanders in a single cold room at 
approximately 16.5°C. Salamanders were further separated into a cool treatment and a warm 
treatment. I used heating pads to raise the temperatures of individual housing chambers in the 
warm treatment. Salamanders in the warm treatment were maintained on tank heat mats (8 x 18in 
Zilla© 24 watt) with 5 to 6 animals per heat mat.  Because heat mats radiate heat into the 
surroundings, a gradient of values was produced. Resulting salamander body temperatures 
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ranged from 20°C - 25.6°C in the warm treatment and from 15.6°C - 19.5°C in the cold 
treatment. In addition, warm temperatures would often cause moisture in the individual 
containers to condense on the lid, therefore water was tapped off the lid and back onto to the 
substrate for all salamanders. Tapping the lid and randomizing salamander positions in each 
treatment were done daily to prevent spatial pseudoreplication. Salamanders were given 6 days 
to acclimate to their temperature treatment. On day 6 salamanders’ heart rates were recorded 
using an 8 megapixel Iphone 6 camera mounted to a SZ-PT Olympus dissecting microscope with 
Gosky smartphone digiscoping adapter for stability. The scope was fitted with an LED universal 
illuminator with bifuricated fiber optics capable of illuminating the salamander from various 
angles and to prevent heat transfer from non-LED bulbs. Prior to measuring heart rate, the 
temperature of salamanders and their individual plastic containers were recorded using a infrared 
thermometer (Extech, product #42540). To record heart rates, salamanders were chosen at 
random from either treatment and never directly handled as handling can cause stress in 
amphibians (Narayan et al. 2012) and stress can affect heart rate in other ectothermic species 
(Braby and Somero 2006). Instead, individuals were kept in their containers and ushered into a 
slightly moistened glass test tube (13 x 100mm). Test tubes were acclimated to each treatment 
temperature prior to use; tubes used for warm treatment salamanders were placed on heat mats 
and tubes for cold treatment salamanders were stored in the cold room. In addition to acclimating 
the test tubes, salamanders in the warm treatment were recorded under the dissection scope 
slightly raised above a smaller heat mat (6 x 8in Zilla© 8 watt) resting on the base of the scope 
to prevent heat loss from the salamanders. Heart rates of salamanders in the cold treatment were 
recorded slightly raised off the base of the scope. Once in test tubes, individuals were placed 
under the microscope and given 1 minute to acclimate. After acclimation, the test tube was very 
slowly rotated so that the ventral surface of the salamander could be viewed through the scope. 
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Heart rates could be seen through the ventral surface and video recorded for a continuous 60 
seconds. Videos were viewed and analyzed at a later date using common computer video 
software. Videos were slowed down 1.5x the original speed and heart rates were counted for a 
consecutive 60 second video. Heart rate videos were viewed and counted 3 separate times in 
order to be sure of count accuracy. 
Validation – Measured heart rates were compared to the only published heart rates for 
Plethodon cinereus (Weitzel & Mueller, 1973). I described an almost identical significant 
positive correlation (Fig. 1; R2 = 0.7083; p < 0.001) between heart rate and salamander 
temperature. At the range of temperatures tested Weitzel & Mueller reported mean heart rates of 
about 50 – 105 bpm whereas I reported values of 60 – 110 (Fig. 1). There were further 
similarities in the slope of each trendline, my method produced a slope of 3.97 while they had a 
slope of 3.78. Because my heart rate values were measured using a gradient of temperatures, I 
was unable to compare my values quantitatively to their measured values at precise temperatures. 
I was only able to compare qualitatively as I did not have the sample size for each precise 
temperature used by Weitzel & Mueller to make a strong comparison. My heart rate values 
strongly supported those published by Weitzel & Mueller (1973) however, their study failed to 
account for body size which affects heart rate in plethodontid salamanders (Feder, 1976). 
Therefore, I standardized my heart rate values by dividing beats/minute by the mass of the 
salamander. When standardizing my values, I found a strong positive correlation between heart 
rate and salamander temperature (Fig. 2; R2 = 0.5998; p < 0.001). After standardizing my heart 
rate values, my measured heart rates across temperatures remained similar to published values of 
Weitzel & Mueller. 
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Applications – Possible applications of this non-invasive method to record heart rates for 
small amphibians are broad and could be used to help understand how amphibians and reptiles 
are able to manage their body temperature through physiological and ecological tradeoffs 
(reviewed in Cooke et al., 2004). Reptiles exposed to high body temperatures are able to regulate 
their heart rate to prevent overheating and extend activity into very hot environments (Cooke et 
al., 2004). Heart rate telemetry has recently been applied to disturbance ecology in order to 
quantify stress responses of frogs and lizards to human-induced stressors (Cabanc and Cabanc, 
2000). Gentle handling produced tachycardia in lizards (Cabanc and Cabanc, 2000), turtles 
(Cabanc and Bernieri, 2000), and snakes (Heatwole et al., 1979). However, frogs displayed no 
tachycardia in response to gentle handling (Cabanc and Cabanc, 2000) because amphibians are 
able to modulate their heart rate reflexively via their vagi nerves and catecholaminergic 
responses (Krol and Poliak, 1979; Burggren et al., 1992). However, this may not be true for all 
stressors, as tachycardia in amphibians has been seen in response to intense exercise (Wahlqvist 
and Campbell, 1988; Hillman et al., 1987) and predator stimulus (Laming and Austin, 1981; 
Cordeiro de Sousa and Hoffman, 1985). This method described here could potentially be used to 
further my understanding of heart rate telemetry in response to physiological and ecological 
stressors, although some fine tuning may be necessary depending on the model system. For 
instance, heart rates can be seen through the ventral surface for most amphibians, but some 
amphibians may be more active and less tolerant of manipulation than Plethodon cinereus. 
Additionally, test tubes may work for most small salamanders, but this method may need to be 
adjusted to accommodate larger amphibians.  
In conclusion, the main advantages of using this method are that the process is quick and 
easy, affordable, and produces accurate measurements. Using this system in the laboratory 
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provides researchers with a new and simple method to record heart rates in small amphibians 
without relying on high maintenance machinery or data loggers. Although this method is most 
amenable to a laboratory setting, a similar slightly modified process could be used in field 
locations. This could be done in the field or lab using a mounted magnifying glass and a tripod 
for a video recording device. However, the clarity and control of light source is most likely 
superior using the dissecting scope. This method grants researchers a practical tool to gather 
important ecological telemetry data previously difficult and expensive to acquire. 
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Figure Legends 
Figure 1. 
Heart rates (beats per minute) were recorded in 64 striped red-backed salamanders (Plethodon 
cinereus) at ‘warm’ and ‘cold’ body temperatures. Heart rate significantly increased with body 
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temperature. Grey diamonds and solid trendline represent heart rates published by Weitzel and 
Mueller (1973) using implanted data loggers. 
 
Figure 2 
Heart rates were recorded in 64 striped red-backed salamanders (Plethodon cinereus) at ‘warm’ 
and ‘cold’ body temperatures. Heart rate was standardized by salamander mass by dividing heart 
rate beats per minute (bpm) by mass (g). Grey diamonds and solid trendline represent heart rates 
published by Weitzel and Mueller (1973) using implanted data loggers.  
.  
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Chapter 2 
Title: Physiological changes in response to temperature and chytrid infection in the color 
polymorphic Eastern Red-backed Salamander, Plethodon cinereus 
Abstract 
Temperature can change the outcome of host-parasite interactions. However, the way that 
temperature affects these interactions is not always straightforward because host and parasite 
species may differ in their optimal temperatures. The amphibian fungal pathogen 
Batrachochytrium dendrobatidis (Bd) is one such parasite whose optimal temperatures for 
growth (17°C-23°C) commonly differ from those of the hosts. Many amphibian immune 
responses are thought to be more effective in warmer temperatures, but this may not be universal 
for cool adapted amphibians because temperatures exceeding an amphibians’ optimal range can 
inhibit immune function. Additionally, Bd has a wider breadth of optimal temperatures compared 
to amphibian hosts, thus, warm temperatures may not always favor amphibian Bd resistance. I 
examined the effects of temperature on Bd infection and heart rate of Eastern Red-backed 
Salamanders (Plethodon cinereus) from a color polymorphic population in northeast Ohio. Equal 
numbers of striped and unstriped salamanders were split into warm or cold temperature gradients 
and were then challenged with either Bd or a sham-exposed control. Striped salamanders at my 
locality tolerate colder temperatures better relative to the unstriped morph, thus I predicted 
striped salamanders to have lower Bd infections and heart rates at cooler temperatures. I found a 
nearly significant interaction between morph and temperature on Bd abundance: resistance 
increased across a gradient from cool to warm in unstriped individuals, whereas striped 
individuals maintained high resistance across temperature gradients.  I also found an interaction 
between the pathogen treatments and temperature on heart rate: heart rates of infected 
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salamanders were greater at warm temperatures compared to heart rates of non-exposed and non-
infected salamanders. Infected salamanders experienced greater percent mass loss than non-
infected salamanders which suggests fitness costs associated with resistance regardless of 
temperature. My results suggest pathogen-induced changes in heart rate and morph specific 
differences in Bd resistance as functions of temperature.  
Introduction 
Terrestrial and aquatic organisms are facing global population declines, range reductions 
and extinctions (Barnosky et al., 2011). This decline, termed the ‘biodiversity crisis’, is arguably 
part of a sixth major extinction event (Barnosky et al., 2011). Humans play a significant role in 
this extinction event through habitat destruction, environmental contamination, introduction of 
invasive species, and global climate change (Hoffman et al., 2010; Vredenburg et al., 2010). 
Amphibian species and populations are declining more rapidly than birds and mammals (Wake 
& Vredenburg, 2008; Vredenburg et al., 2010). The rapid decline of amphibians is primarily 
connected to natural stressors such as competition, predation, resource availability and disease, 
which are considerably exacerbated by human-induced stresses (Blaustein et al., 2011) and 
global climate change (Pounds et al., 2006).  
Two main hypotheses have been proposed to explain the majority of pathogen induced 
global amphibian declines (Rachowicz et al., 2005): the climate-linked epidemic hypothesis and 
the novel pathogen hypothesis. Both hypotheses center around the virulence and transmission of 
pathogens. Climate change is causing widespread ecological changes (Walther et al., 2002), such 
as shifts in geographic and elevational distribution (Colwell et al., 2008). The climate-linked 
epidemic hypothesis proposes that declines are caused by epizootics which are influenced by 
climate variability (Blaustein et al., 2010) and air temperature (Pounds et al., 2006) caused by 
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climate change. Research suggests that most pathogens will undergo an increase in range and 
disease severity as a result of temperature change (Blaustein et al., 2010, Altizer et al., 2013).  
The novel pathogen hypothesis proposes that the introduction of a new and virulent pathogen to 
a previously naïve environment leads to widespread transmission and infection culminating in 
vast devastation to the local populations. The majority of amphibian population declines are 
likely a result of the combination of these two hypotheses. 
The fungus Batrachochytrium dendrobatidis (Bd) is a new and highly virulent pathogen 
that is spreading worldwide and killing amphibians (Berger et al., 1998). Batrachochytrium 
dendrobatidis, a water-borne free-living parasite, invades amphibian skin, disrupting electrolyte 
transfer through it; ultimately leading to death (Fisher et al., 2009; Fisher et al., 2012). Climate 
change could shift the range of Bd through regional temperature alterations, creating new areas 
that are suitable for Bd (Seimon et al., 2007). This expanded range will expose the novel 
pathogen to the native populations, resulting in an increase in Bd transmission and disease 
severity due to the lack of proper host defenses for mitigating and or defending against 
transmission and infection.  
Recently, a third hypothesis has been suggested to help explain outbreaks of the chytrid 
fungus. The thermal mismatch hypothesis posits that hosts should be more susceptible to 
parasites when environmental conditions shift away from their thermal optimum (Cohen et al., 
2017). Variable temperatures outside of an organism’s thermal optimum will increase the 
complexity of host-pathogen interactions. This is especially true when considering interactions 
between Bd and amphibian hosts because Bd success and amphibians’ immune defenses are both 
highly dependent on temperature (Pounds et al., 2006). Batrachochytrium dendrobatidis is 
associated with longer periods of activity (Voyles et al., 2012) and increasing prevalence of 
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infection (Woodhams & Alford, 2005) in high elevation and cooler temperatures (Berger et al., 
2004, Kriger et al., 2007, Rollins-Smith & Woodhams, 2012). Bd has been reported to grow and 
reproduce best under moist conditions ranging from 17 – 23˚C (Kilpatrick et al., 2010). 
Temperature also strongly influences immune responses in ectotherms such as amphibians 
(Feder & Pough, 1975). Many immune functions increase at warm temperatures when metabolic 
rates are high, and decrease at cold temperatures, when metabolic rates are low and energy is 
limited (Rollins-Smith & Woodhams, 2012). However, amphibian immune defenses are not 
universal. Amphibians which have adapted to living in cooler conditions (< 20 ˚C) maintain 
higher levels of phagocytic activity, antibody production and lymphocyte numbers in cooler 
temperatures (Plytycz & Jozkowicz, 1994, Maniero & Carey, 1997). The immune defenses of 
amphibians adapted to warmer environments are thought to be impaired in cooler temperatures 
(Jozkowicz & Plytcyz, 1998, Lin and Rowlands, 1973, Cone & Marchalonis, 1972). At low 
temperatures, a number of aspects of immunity in these species are suppressed, including 
antibody production (Harris et al., 2006, Brucker et al., 2008), lymphocyte numbers (Richards-
Zawacki, 2009), and activity of anti-microbial peptides (Geiger et al, 2011). However, 
amphibian immune defenses are context dependent and are likely most successful at optimal 
temperatures which individuals are adapted. Therefore, amphibians adapted to cooler 
temperatures might not experience a reduction in immune activity at cooler temperatures.  In 
order to gain a better understanding of the role that temperature plays in amphibian physiology 
and in host-pathogen interactions, it is necessary to investigate species with a well understood 
range of thermal tolerances. 
The Eastern Red-backed salamander, Plethodon cinereus, is a common terrestrial 
salamander found throughout eastern North America and southeastern Canada (Anthony & 
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Pfingsten, 2013). This particular salamander is strongly limited by temperature making it an 
important species for ecological studies. It actively seeks optimal temperatures between 17-22˚C 
and becomes thermally incapacitated between 32-33˚C (Feder & Pough, 1975). Thus, this cool 
adapted species may not experience the same immune costs as warm temperature adapted 
amphibians. Plethodon cinereus is polymorphic, with two common phenotypes: a striped morph 
with a red dorsal band that extends from the head or neck to the tail (striped), and an unstriped 
morph that is uniformly black (unstriped). Studies from a locality in which morphs are sympatric 
suggest that the two color morphs are ecologically differentiated and may respond to differential 
selection pressures in their shared environments (Anthony et al., 2008). Behaviorally, the two 
morphs differ in response to disturbance (Fleming et al., 2011), predators (Venesky & Anthony, 
2007) and aggressiveness (Reiter et al., 2014). Differences in aggressive and territorial behavior 
between the two morphs are thought to contribute to differences in prey availability within 
territories (Anthony et al., 2017), differences in diet (Paluh et al., 2015; Stuzcka et al., 2016), and 
ultimately access to mates, resulting in assortative mating by color morph (Anthony et al 2008; 
Acord et al 2013). Physiologically, the two color morphs differ in resistance to Bd (Venesky et 
al., 2015), circulating lymphocyte levels (Davis & Milanovich, 2010) and metabolic rate 
(Moreno, 1989). Additionally, studies suggest that the unstriped morph is better adapted to drier 
and warmer conditions (Burger 1935; Test 1952; Williams et al., 1968; Lotter & Scott 1977; 
Gibbs & Karraker, 2006; Fisher-Reid et al., 2013) whereas the striped morph is found in greater 
proportions at higher elevations and at northernmost parts of the species range, thus preferring 
cooler temperatures (Lotter and Scott, 1977; Moreno, 1989; but see Moore & Ouellet, 2015). In 
colder climates, unstriped morphs have increased mortality (Lotter & Scott, 1977; Moreno 1989) 
and retreat to underground refugia earlier than striped salamanders (Anthony et al., 2008). 
Therefore, a polymorphic species, such as P. cinereus, with differential temperature preferences 
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is a good model organism to understand the physiology of an organisms’ response to disease 
under different temperature regimes. 
The main purpose of this study was to investigate whether sympatric polymorphic 
salamanders with known temperature preferences differ in their resistance and their 
physiological response to Bd under different temperature regimes. Unstriped and striped 
salamanders differ in their resistance to Bd. Unstriped salamanders are known to have greater 
prevalence of infection when not behaviorally avoiding Bd compared to striped individuals 
(Venesky et al., 2015). However, these morphs are predicted to tolerate slightly different thermal 
breadths which could influence their immune defenses with respect to Bd susceptibility and 
infection. Thus, it is expected that unstriped salamanders will have greater levels of Bd infection 
in cooler temperatures but not in warmer temperatures because the unstriped morph is known to 
prefer warmer and drier conditions (Moreno, 1989, Anthony et al., 2008, Anthony & Pfingsten, 
2013), compared to the striped morph which prefers cooler temperatures (Lotter & Scott, 1977). 
In addition to measuring resistance to Bd, I also investigated the physiological response 
to Bd infection of P. cinereus. I used heart rate as a measure of physiological response to disease 
(Lowe & Trueman, 1972; Campbell et al., 2007). Heart rate is affected by changes in 
temperature and possibly Bd infection, and in ectotherms heart rate has been used as an indicator 
of whole animal thermal stress (Helm & Trueman, 1967; Harrison, 1977; Polhill & Dimock, 
1996; Braby & Somero, 2006). Thus, salamander heart rates should be lower at each morph’s 
preferred temperature. If both disease and temperature are costly, heart rate is expected to be 
positively associated with temperature and infection because stress hormones have inhibitory 
effects on immune system function (Dhabar et al., 1995). Therefore, Bd infection should lead to 
increased heart rate and a decrease in mass. I also predicted generally lower Bd abundance at 
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warmer temperatures because of enhanced amphibian immune systems and suppressed Bd 
growth. In addition, Bd infection occurring with temperatures outside of physiological optimum 
should have compounding effects on heart rate. Unstriped salamanders should maintain lower 
heart rates and Bd infection at warm temperatures compared to striped salamanders. Likewise, 
striped salamanders should perform better at cooler temperatures and maintain lower heart rate 
and Bd infection compared to the unstriped morph. Furthermore, this study assessed the utility of 
heart rate as an indicator of thermal and disease-induced stress in a common terrestrial 
salamander that exists in a range of environmental conditions.  
Methods 
Collection & Husbandry 
All Plethodon cinereus were collected (ODNR permit # 92-112) by hand from the 
Manatoc Boy Scout Camp property (MBSC; 41°13'37.2"N, 81°31'17.2" W) in Summit County, 
OH on 30 September and 1 October 2016. Salamanders were housed individually with leaf litter 
in vented glass containers at John Carroll University (University Heights, OH) under a natural 
photoperiod at 17.0˚C. The P. cinereus were fed wingless fruit flies twice per week 
(approximately 25 Drosophila. melanogaster per feeding) with leaf litter bedding changed when 
needed.  
Experimental Design  
My experiment utilized a 2 x 2 x 2 fully factorial design investigating the interactive 
effects of morph (striped/unstriped), temperature (warm/cool), and infection (Bd+/Bd-). One-
hundred twenty-three adult P. cinereus were used in this study, of which 59 of the individuals 
were unstriped (27 male, 32 female) and 64 were the striped morph (32 male, 32 female). 
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Individuals were assigned to one of 8 treatments (n = 15-16/treatment) based on gender and 
morph such that each treatment had relatively similar numbers of each. On 16 – 22 July 2017, 
salamanders were separated into 4 temporal blocks (A, B, C, D) with each block separated by a 
day and moved to vented plastic containers (13.7 x 11.4 x 6.4cm) with non-bleached paper 
towels soaked with 13mL of natural spring water. For the duration of the experiment and to 
avoid spatial pseudoreplication (sensu Hurbert 1984) I housed all salamanders in a single cold 
room at approximately 16.0°C. Salamanders were further separated into two temperature 
treatments (Cold Χc = 17.4°C; Warm Χw = 22.6°C). I used heating pads to raise the temperatures 
of individual housing chambers in the warm treatment. Salamanders in the warm treatment were 
maintained on tank heat mats (8 x 18in Zilla© 24 watt) with 5 to 6 animals per heat mat.  
Because heat mats radiate heat into the surroundings, a gradient of values was produced. 
Resulting salamander body temperatures ranged from 20°C - 25.6°C in the warm treatment and 
from 16.3°C - 19.5°C in the cold treatment. In addition, warm temperatures would often cause 
moisture in the individual containers to condense on the lid, therefore water was tapped off the 
lid and back onto to the substrate for all salamanders. Tapping the lid and randomizing 
salamander positions in each treatment were done daily to prevent spatial pseudoreplication. The 
salamanders were acclimated to the temperature treatments for 6 days prior to the start of the 
experiment. The experiment ran for a total of 20 days (16 July – 11 Aug 2017. The first 6 days 
allowed the salamanders to acclimate to their temperature treatment. The study did not extend 
more than 14 days after inoculation because P. cinereus can clear Bd infection in quickly 
(Venesky et al., 2014).  Mass was recorded on day 0, 7, and 14 post-acclimation.  
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Bd Exposure 
The Bd isolate used in my experiment (JEL 660) was grown in the laboratory in 1% 
tryptone broth at Allegheny College. All salamanders randomly assigned to the Bd+ treatment, 
were exposed to a inoculum that contained 1.6x106  Bd zoospores per experimental block (A, B, 
C, D) by direct pipetting onto each salamander. However, salamanders in block B were only 
exposed to 1.0x106 Bd zoospores. Bedding was changed 48h after inoculation to prevent 
continuous exposure to Bd zoospores. Throughout the experiment, all equipment that came into 
contact with Bd or Bd infected animals was soaked in 10% bleach to remove any zoospores 
(Johnson et al., 2003).  
Bd Swabbing 
Bd infection on salamanders was measured by swabbing each exposed salamander on day 
7 and day 14 post-exposure. The swab was passed across the dorsal surface of each salamander, 
including the tail, a total of 15 times. My swabbing protocol followed the published protocol of 
Hyatt et al. (2007). In brief, a sterile fine-tipped swab (Advantage Bundling; product #MW113) 
was passed along the dorsal surface of each salamander, including the tail, a total of 15 times. 
Swabs were stored at 20˚C until further analysis, and the infection burden was assessed via 
quantitative polymerase chain reaction (qPCR). To prevent cross-contamination with Bd or Bd 
DNA, a different pair of Nitrile gloves was worn whenever a salamander or substrate was 
handled. Throughout this experiment, salamanders were monitored daily for mortality. The 
number of genome equivalents on each swab was measured using qPCR on a StepOne Real-
Time PCR System (Applied Biosystems). The DNA extractions and qPCR analyses followed the 
methods of Boyle et al. (2004). Test samples were run singly instead of triplicate to control costs 
(Kriger et al., 2006). I added TaqMan Exogenous Internal Positive Control (Exo IPC) Reagents 
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(Applied Biosystems) to every reaction well to assess inhibition of the PCR reaction. The Exo 
IPC system used a standardized concentration of an artificial DNA sequence that was added to 
each reaction well with its own set of primers and a separate fluorescent probe. The strength of 
this reaction was used to assess overall reaction inhibition.  
I considered infection intensity as the number of Bd zoospore equivalents per sample. 
Zoospore equivalents were calculated by multiplying the genome equivalent values generated by 
the qPCR assay by 80, which accounted for the 80-fold dilution of DNA from the swabs during 
extraction and qPCR preparation. 
Heart Rate Procedure 
On 22-26 July 2017, baseline heart rates were recorded, and blocks were exposed to Bd 
inoculate. Salamanders’ container positions were randomized each day to prevent 
pseudoreplication and all heart rate measurements were taken between 0800 and 1600 hours. 
Preceding the experiment, salamanders were given 6 days to acclimate to their treatment. Prior to 
measuring heart rate, the temperature of salamanders and their individual plastic containers were 
recorded using a infrared thermometer (Extech, product #42540). Salamanders’ heart rates were 
recorded using an 8 megapixel Iphone 6 camera mounted to a SZ-PT Olympus dissecting 
microscope with Gosky smartphone digiscoping adapter for stability. The scope was fitted with 
an LED universal illuminator with bifuricated fiber optics capable of illuminating the salamander 
from various angles and to prevent heat transfer from non-LED bulbs. To record heart rates, 
salamanders were chosen at random within each block from either treatment and never directly 
handled: handling can cause stress in amphibians (Narayan et al. 2012) and stress affects heart 
rate in amphibians (Laming and Austin, 1981; Cordeiro de Sousa and Hoffman, 1985; Hillman et 
al., 1987; Wahlqvist and Campbell, 1988). Instead, individuals were kept in their containers and 
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ushered into slightly moistened glass test tubes (13 x 100mm). Test tubes were acclimated to 
each temperature treatment. Test tubes used for warm treatment salamanders were kept on the 
same heat mats as the salamanders. In addition to acclimating the test tubes, salamanders in the 
warm treatment were recorded under the dissection scope slightly raised above a smaller heat 
mat (6 x 8in 8W Zilla©) resting on the base of the scope to prevent heat loss from the 
salamanders. While heart rates of salamanders in the cold treatment were taken slightly raised off 
the base of the scope. This method was validated, and heart rates were shown to be repeatable 
(DeMarchi, 2016 unpublished data). Once in test tubes, individuals were placed under the 
microscope and given 1 minute to acclimate. After acclimations, the test tube was very slowly 
rotated so that the ventral surface of the salamander could be viewed by the scope. Heart rates 
could be seen through the ventral surface and recorded for a continuous 60 sec video. This 
procedure was repeated for each group on day 7 and 14 respectively. Videos were viewed and 
analyzed at a later date using common computer video software. Videos were slowed down 1.5x 
the original speed and heart rates were counted for a consecutive 60 second video. Heart rate 
videos were viewed and counted 3 separate times in order to be sure of count accuracy. 
Statistical Analyses 
I used the “lm” function in R statistical software (R, 2017) to conduct a linear model to 
test whether the two temperature treatments (cold, warm) significantly affected the recorded 
salamander temperature on Day 7 and Day 14. Statistical significance (p < 0.05) was assessed 
using the “Anova” function in the “car” package in R. 
There are three parameters frequently used to quantify parasite infection: prevalence, 
infection intensity, and infection abundance. Upon exposure to a parasite, individual hosts will 
become either infected or remain non-infected (and the percentage of hosts exposed to a parasite 
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that get infected is termed “prevalence”). Hosts that get infected carry a parasite burden (termed 
“infection intensity”). Infection abundance unifies the parameters of prevalence and infection 
intensity because it measures the number of parasites found in all hosts that were pathogen 
exposed, including the zero values of the hosts that were exposed to but not infected with a 
parasite. Because plethodontid salamanders are relatively resistant to Bd (Fonner et al., 2017; 
Hess et al., 2015), many of my salamanders had an infection value of “0” and thus I had limited 
statistical power to analyze infection intensity. As such, I analyzed Bd abundance (i.e., the 
number of Bd zoospore equivalents of the salamanders exposed to Bd, including those whose 
value was “0”) using a zero-inflated negative binomial statistical model (using the 
“glmmADMB” function in the “glmmADMB” package in R). This statistical model considers 
the response variable a function of a binomial process (uninfected vs. infected) and a count 
process (negative-binomial distributed infection intensity), consistent with the metric of infection 
abundance. I trimmed the non-exposed salamanders from the dataset and conducted separate 
statistical analyses on the Day 7 and Day 14 swabs. In each statistical model, I tested for the 
main effects of the categorical predictors color (striped, unstriped), sex (female, male) and 
experimental block (A, B, C, or D) on Bd abundance. I also tested for an effect of the salamander 
temperature recorded on each swab date as a continuous predictor. In each statistical model, I 
also tested for a color by temperature interaction. Statistical significance (p < 0.05) was assessed 
using the “Anova” function in the “car” package in R.  
I used the “lm” function in R statistical software (R, 2017) and tested for the main and 
interactive effects of the pathogen treatment (treated as a categorical variable “infected”, 
“exposed but not infected”, or “non-exposed”), color, and temperature on the physiological 
indices; % mass loss and heart rate on day 7 and day 14. The pathogen treatment was split into 3 
categorical variables: infected salamanders were categorized as “infected,” salamanders that 
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were exposed to Bd inoculate but showed no signs of infection were categorized as “exposed but 
not infected,” and control salamanders non-exposed to inoculate were categorized as “non-
exposed”. I used a 3-pathogen treatment because not all salamanders exposed to Bd isolate 
became infected. Thus, using this approach I were able to compare the effects of the infection 
and the effects of pathogen exposure to non-exposed salamanders. Statistical significance (p < 
0.05) was assessed using the “Anova” function in the “car” package in R. 
 
Results 
Bd abundance – Temperature was significantly different between treatments on Day 7 (p 
< 0.001) and Day 14 (p < 0.001). Temperature significantly affected Bd abundance on day 7 
(Fig. 1; p < 0.001) and day 14 (Fig. 1; p = 0.009). Bd abundance was much higher in cooler 
temperatures than in warmer temperatures. I also found a significant interaction between color 
morph and temperature on Bd abundance measured on day 14 post-exposure (Fig. 3; p = 0.032) 
but not day 7. As the measured temperature increased, Bd abundance on unstriped salamanders 
went from high to low whereas striped salamanders maintained a relatively low Bd abundance 
across all measured temperatures. This color by temperature interaction seems to be driven by 
differences in the frequency of infected striped and unstriped salamanders across the measured 
temperatures (Fig. 3).  
Heart Rate – Temperature significantly increased the heart rate in salamanders on day 0 
(Fig. 4; p < 0.001) day 7 (p < 0.001) and day 14 (p < 0.001). Higher heart rates were associated 
with warmer temperatures. Additionally, a significant morph effect on heart rate was observed 
only on day 14 (p = 0.038). But there was a significant morph x temperature interaction on day 0 
(Fig. 4; p = 0.038), day 7 (p = 0.046) and day 14 (p = 0.048). Unstriped salamanders had lower 
heart rates in warmer temperatures but not in cooler temperatures. Pathogen treatment (non-
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exposed, exposed not infected, exposed infected) had significant main and interactive effects on 
Day 7 but not Day 14. There was a significant interaction between pathogen treatment and 
salamander temperature on salamander heart rate on Day 7 of the experiment (Fig. 5; p = 0.014). 
As the experimental temperature increased, salamanders infected with Bd had a steeper increase 
in their heart rate compared to the change in heart rate of salamanders from the non-exposed or 
exposed but not infected treatment groups.  
% Mass change –There were significant differences in percent mass loss between 
infected, exposed but not infected, and non-exposed salamanders on day 7 (Fig. 6; p < 0.001) and 
day 14 (p < 0.001). Color morph and temperature did not have a significant effect on % mass 
loss. 
Discussion 
Being exposed to temperatures outside of an organism’s optimal temperature range 
induces thermal stress. I hypothesized that Plethodon cinereus color morphs would differ in 
physiological response (i.e. heart rate) to infection and resistance to infection. I also expected 
unstriped morphs to have higher heart rates in the cooler temperatures and lower heart rates at 
warmer temperatures because they prefer warmer and drier conditions (Lotter & Scott, 1977; 
Fisher-Reid et al., 2013) compared to striped salamanders. I further hypothesized that unstriped 
salamanders would have higher Bd infection at cooler temperatures and lower Bd infection at 
warmer temperatures compared to striped salamanders.  
As hypothesized, unstriped salamanders had lower heart rates at warmer temperatures 
compared to striped salamanders (Fig. 4). However, striped salamanders did not show lower 
heart rates at cooler temperatures compared to unstriped salamanders. This may be because heart 
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rate is an indirect indicator of metabolic rate (Butler et al., 2004) and unstriped salamanders have 
lower metabolic rates at a range of temperatures including 15°C (Moreno, 1989). Despite 
differences in metabolic rate between the morphs, there was no difference in heart rates at cooler 
temperatures. My findings provide evidence of physiological adaptations to different temperature 
gradients within this species in the form of heart rate. Morphs that differ in their heart rate might 
also differ in their net allocatable energy available for growth, reproduction, and fitness. This 
could constitute another mechanism for the maintenance of color polymorphism. For example, in 
this specific locality there is assortative pairing by color morph (Anthony et al., 2008)  However, 
Moore & Ouellet (2015) argued that a temperature preference may not exist on a wide 
geographic basis, and that morph distribution cannot be explained by climatic variables. They 
found no correlation between climatic variables and morph distribution. Thus, my results may 
not be indicative of all populations of P. cinereus. Although morphs may seem to segregate into 
different thermal habitat, this may depend more upon the census location and season (Petruzzi et 
al., 2006). The unstriped morph may not display climatic variation across a wide geographic 
area, but rather preferentially choose warmer microhabitats within their unique and specific 
populations.  
Bd abundance differed between morphs. As the temperature increased, Bd abundance 
decreased on unstriped salamanders, whereas striped salamanders maintained a relatively low Bd 
abundance across all measured temperatures (Fig. 2). Striped salamanders’ lower Bd abundance 
at cooler temperatures suggests greater resistance at temperatures near their thermal optima. 
Unstriped salamanders showed higher probability of infection at cooler temperatures compared 
to their preferred warmer temperatures (Fig. 3), showing support for the thermal mismatch 
hypothesis, which suggests that host species are more susceptible to disease at temperatures 
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outside of their thermal optima. In a recent study, Nowakowski et al. (2016), suggested that the 
thermal mismatch hypothesis may be better explained through the gap between upper critical 
thermal tolerances (CTmax) of amphibian hosts and Bd. Therefore, a host species with a greater 
CTmax relative to that of Bd, is more likely able to achieve body temperatures that are detrimental 
to pathogen growth without themselves succumbing to thermal stress (Rohr et al., 2013). 
However, CTmax may not be the best predictor for P. cinereus resistance because this species is 
highly tolerant of habitat modification and is considered a habitat generalist, meaning they have 
broad ecological niches along multiple environmental gradients including temperature and 
precipitation. In addition, P. cinereus are geographically wide ranging and likely have local 
adaptation of thermal optima and environmental conditions across their range. Therefore, the 
preferred thermal optima of local amphibian hosts may be the best predictor of host immune 
success rather than an assumed constant CTmax for host species and pathogen. 
In physiological studies, measuring heart rate serves as an indirect indicator of both 
metabolic rate (Bennet 1972; Bradford 1983; Butler et al. 2004) and stress (Sgofio et al. 1997; 
Korte et al. 1999). When amphibians encounter a stressor, the hypothalamic-pituitary-interrenal 
(adrenal in other vertebrates, HPI/A) system is activated. The HPI axis controls the circulating 
levels of glucocorticoids (GC) which can bind to intracellular receptors and influence gene 
expression. The primary role of GCs is to initiate catabolic processes to increase glucose 
availability, give rise to escape behavior, enhance learning and memory, and enhance some 
aspects of the immune system to acute stressors at the cost of reduced allocation of energy to 
growth, digestion, and reproduction (Sapolsky et al., 2000). However, chronic exposure to 
stressors and long-term elevation of GCs can be especially taxing on individuals and result in 
many negative effects including neuron death, muscle wasting, inhibition of growth and 
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reproduction, and immune suppression (Chrousus, 2009). The primary GC in amphibians 
responsible for regulation of energy allocation is corticosterone. In the Bd/Amphibian system, Bd 
has been shown to be stressful for amphibians as measured by the release of corticosterone 
(Kinderman et al., 2012, Peterson et al., 2013, Gabor et al., 2015) and by increases in metabolic 
rate (Wack et al., 2011). Corticosterone has been implicated in reducing host resistance and 
immunological defenses during Bd infection (Carey et al., 1999; Glaser & Kiecolt-Glaser, 2005).   
In a recent study, Fonner et al. (2017) tested this hypothesis in plethodontid salamanders. 
Researchers treated male Plethodon shermani with exogenous corticosterone for 9 days, then 
exposed individuals to Bd zoospores. Those given exogenous corticosterone had higher infection 
abundance compared to control animals. This suggests that corticosterone influences immune 
function in plethodontid salamanders and likely has a similar effect on P. cinereus resistance to 
the chytrid fungus. Corticosterone has also been implicated in increasing metabolic rate and 
oxygen consumption in ectothermic animals. Corticosterone increased oxygen consumption in 
geckos (Preest and Cree, 2008), fence lizards (Durant et al., 2008), eels (Chan & Woo, 1978), 
and trout (DeBoeck et al., 2001). More recently, corticosterone has been shown to increase 
metabolic rate (Wack et al., 2011) and likely heart rates in plethodontid salamanders. 
Elevated heart rates in amphibians have also been demonstrated in response to stressful 
situations such as intense exercise (Wahlqvist and Campbell, 1988; Hillman et al., 1987) and 
predator stimulus (Laming and Austin, 1981; Cordeiro de Sousa and Hoffman, 1985). Therefore, 
heart rate measurements can be used as a substitute measure for metabolic rate and stress 
hormones in environmental stress studies where elevated heart rates in infected salamander is 
likely indicative of stress. I hypothesized that infected P. cinereus would have greater heart rates 
in response to infection. My results demonstrated that infected salamanders did indeed have an 
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increased heart rate in response to parasite induced stress (Fig. 5). However, heart rates were not 
elevated in response to infection at cooler temperatures despite them being optimal temperatures 
for both host and pathogen. Rather, elevated heart rates occurred in infected salamanders in the 
warm temperature treatment, outside of the organism optimal temperature but within Bd’s 
optimal temperature. These findings further support the thermal mismatch hypothesis.  
A reduction in physiological performance due to non-optimal temperatures could also be 
responsible for elevated heart rates of infected salamanders at warm temperatures. Metabolic rate 
and water loss are fundamental in balancing physiological performance in the face of thermal 
and hydric stress (Porter & Gates, 1969). These traits interact due to their shared pathway of gas 
exchange (e.g., skin, lungs) and dependency upon moist respiratory surface to promote oxygen 
uptake (Maina, 1998). Water loss and oxygen intake are especially important to amphibians, with 
uptake of both occurring over the same respiratory surface. Lacking lungs, plethodontid 
salamanders rely on wet skin for cutaneous gas exchange (Gatz et al. 1975).  By maintaining 
moist skin, salamanders lose water to their environment. Reducing water loss rates might impede 
the uptake of oxygen required to sustain activities related to energy acquisition (Auer et al., 
2015) such as immune function. Ectotherms faced with decreased oxygen consumption can alter 
their heart rates to promote oxygen delivery to more important physiological functions (Gollock 
et al., 2006; Franklin et al., 2007). For example, Grigg & Seebacher (1999) demonstrated that 
physiological control of heart rate prevented overheating in bearded dragons (Pogona barbata) 
by increasing heart activity in hot environments. Salamanders could compensate for reduced 
oxygen consumption by increasing heart rate to promote gas exchange (Lillywhite et al., 1999; 
Seebacher et al., 2007) and constant oxygen delivery for other functions. Thus, elevated heart 
rates in infected salamanders may have been influenced by hydric and thermal stress along with 
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disease induced stress. However, a recent study by Riddell et al. (2018) found that heart rate did 
not increase in woodland salamander Plethodon metcalfi in response to water loss during thermal 
acclimation. Individuals did not compensate for hydric stress by increasing heart rate thereby 
increasing blood flow to the skin to promote oxygen diffusion. Rather individuals preferred to 
minimize energetic costs of cardiac function and decreasing heart rates, to potentially minimize 
the consequences of stress (Riddell et al., 2018). Therefore, elevated heart rates observed in 
infected salamanders in the warm temperature treatment are likely due to infection and non-
optimal temperatures rather than hydric stress. 
Regardless of temperature, infection still came at a cost to individuals. Infected 
salamanders had a significantly greater percent mass loss than exposed and non-infected 
salamanders (Fig. 6). Deploying an immune response and resisting infection is energetically 
demanding (Sheldon & Verhulst, 1996). Energy losses can be mitigated from the redistribution 
of resources from other physiological processes to immune system function by increasing 
feeding activity (Lochmiller & Deerenberg, 2000). For example, organisms with access to high 
quality food have more effective immune responses compared to low quality food (Diamond & 
Kingslover, 2011) and that food consumption is positively correlated with immune system 
activity (Tyler et al., 2006). A recent study on P. cinereus demonstrated that Bd-infected 
salamanders attacked and captured more flies than non-infected salamanders limiting the extent 
of nutritional deficits associated with immune system function (Hess et al., 2015) However, Hess 
et al., (2015) found no difference in percent mass change between infected and non-infected 
groups. My results suggest that activating and maintaining an immune response has costs, in the 
form of mass loss, associated with not only infection but also exposure to Bd. Furthermore, the 
salamanders used in this study faced different temperature regimes and accounted for a larger 
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sample size which could explain differences in my results compared to those of Hess et al. 
(2015). Plethodon cinereus, like many ectothermic organisms, are generally tolerant of mass 
change and have been shown to resist significant changes is mass when fasted for 35 days 
(Milanovich & Maerz, 2013). This resistance to mass loss is an evolutionary advantage because 
large body size has been shown to increase fitness in this species. Larger P. cinereus are more 
likely to inhabit higher quality habitat (Gabor, 1995), have greater success in defending territory 
(Mathis, 1990; Townsend et al., 1998), and acquire higher quality mates (Mathis, 1991; Anthony 
et al., 2008). My results demonstrate a clear fitness cost to Bd resistance, despite P. cinereus 
having relatively strong resistance to infection and high metabolic efficiency. Not only did 
infected salamanders face fitness costs but resistance also came at costs to exposed salamanders 
to prevent infection (Fig. 6). Thus, exposure to Bd alone could potentially influence resistant 
species negatively via costs of constantly preventing infection. 
Individuals of Plethodon cinereus are resistant to Bd and have been shown to clear 
infection (Becker & Harris, 2010; Venesky et al., 2015). Field-collected plethodontid 
salamanders rarely test positive for Bd from natural environments (Muletz et al., 2014). While 
most amphibians experience decreased immune function in non-optimal temperatures 
(Woodhams et al., 2003), P. cinereus was highly resistant to Bd infection (Fig. 2 & 3) indicating 
that their immune systems were not impaired by cooler temperatures. Comparatively, warmer 
temperatures likely aid immune function as exposed salamanders were more resistant at warmer 
temperatures. P. cinereus and other amphibians use commensal skin bacteria in concert with 
components of the innate immune system (e.g. antimicrobial peptides) to reduce infection burden 
from Bd and other cutaneous pathogens (Colombo et al., 2015). In P. cinereus particularly, 
Becker and Harris (2010) illustrated the importance of antimicrobial peptides and the innate 
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immune system by removing the skin microbiota of some salamanders and leaving an intact 
microbial community on others. In both cases, salamanders cleared the infection, but individuals 
with no skin microbes cleared Bd infection slower and at a greater mass loss. Cutaneous and the 
innate immune system are important in clearing Bd infection not only in P. cinereus but also in 
other amphibians (Bletz et al., 2013) and seem to be enhanced at warmer temperatures. 
Additionally, the immune systems of P. cinereus may have been aided by a form of 
thermoregulatory behavior, termed ‘behavioral fever’ (Sherman et al., 1998; Gardner & Thomas, 
2002; Richards-Zawacki, 2009) through existing gradients of temperature within treatment 
containers as a result of heating mats. By altering thermoregulatory behavior to sustain a higher-
than-normal body temperature, P. cinereus may have been able to better fight infections. This is 
probably due to direct effects of host temperature on the growth rate and survival of Bd as well 
as effects of temperature on their immune system (Blanford & Thomas, 2000).   
Bd is highly virulent and regarded as one of the deadliest pathogens on the planet (Fisher 
et al., 2012) but not all amphibians are equally susceptible to Bd (Searle et al., 2011). My results 
corroborate recent studies that demonstrated high Bd resistance in P. cinereus despite optimal 
growth temperatures for Bd (Becker & Harris, 2010; Venesky et al., 2015). P. cinereus may have 
enhanced immune function at warmer temperatures, exhibit thermoregulatory behavior, or a 
combination of both, evidenced by significantly lower Bd abundance at warmer temperatures. 
Regardless, the immune systems of P. cinereus were not impaired at cooler temperatures. Thus, 
cool adapted species may not face the same immune system costs seen in warm adapted species 
when exposed to cool temperatures. Within their microhabitats, unstriped salamanders displayed 
better physiological functioning (i.e. heart rate and Bd resistance) at warmer temperatures 
compared to striped salamanders. Bd can be stressful for some amphibians, however, infection 
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seemed to only be stressful for infected P. cinereus in combination with thermal stress. At both 
optimal and non-optimal temperature ranges, Bd infection can still pose threats to P. cinereus by 
inducing fitness costs. Better understanding the interactions between Bd and P. cinereus’s 
immune function and thermoregulatory behavior could further explain these findings.  
Acknowledgements 
I would first like to thank my thesis advisors Dr. Matthew Venesky of Allegheny College 
and Dr. Carl Anthony of John Carroll. Dr. Venesky always provided helpful comments over the 
phone or through email and the door to Dr. Anthony’s office was always open whenever I ran 
into a trouble spot or had a question about my research or writing. Both Dr. Anthony and Dr. 
Venesky consistently allowed this paper to be my own work but steered me in the right the 
direction whenever they thought I needed it. 
I would also like to thank the experts who were involved in my committee for this research 
project: Dr. James Watling and Dr. Cari Hickerson. Without helpful input and valuable 
comments, my research could not have been successfully conducted. 
Finally, I must express my very profound gratitude to my friends and colleagues for providing 
me with unfailing support and continuous encouragement throughout my years of study and 
through the process of researching and writing this thesis. This accomplishment would not have 
been possible without them.  
This work was supported through the funding of John Carroll University and Allegheny College. 
References 
Acord, M. E., Anthony, C. D., and.Hickerson, C. M. 2013. Assortative mating in a polymorphic 
salamander. Copeia 2013:676-683 
42 
 
Anthony, C. D., Venesky, M. D., and Hickerson, C. A. M. 2008. Ecological separation in a 
polymorphic terrestrial salamander. Journal of Animal Ecology 77(4):646-653.  
Anthony, C. D., and Pfingsten, R. A. 2013. Eastern Red-backed salamander, Plethodon cinereus. 
Amphibians of Ohio. Ohio Biological Survey Bulletin New Series 17(1):335-360. 
Anthony, C. D., Jaworski, K., Messner, M., and Hickerson, C. M. 2017. Differences in prey 
availability within the territories of striped and unstriped Eastern Red-backed 
Salamanders (Plethodon cinereus). Herpetological Review 48:509-514. 
Auer, S. K., Salin, K., Anderson, G. J., and Metcalfe, N. B. 2015 Aerobic scope explains 
individual variation in feeding capacity. Biology Letters 11(11):20150793. 
Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O., Swartz, B., Quental, T. B., Marshall, 
C., McGuire, J. L., Lindsey, E. L., Maguire, K. C., & Mersey, B. 2011. Has the Earth/'s 
sixth mass extinction already arrived? Nature 471(7336):51-57. 
Becker M. H., and Harris R. N. 2010 Cutaneous bacteria of the redback salamander prevent 
morbidity associated with a lethal disease. PLoS ONE 5:e10957 
Berger, L., Speare, R., Daszak, P., Green, D. E., Cunningham, A. A., Goggin, C. L., & Hines, H. 
B. 1998. Chytridiomycosis causes amphibian mortality associated with population 
declines in the rain forests of Australia and Central America. Proceedings of the National 
Academy of Sciences 95(15):9031-9036. 
Berger, L., Speare, R., Hines, H. B., Marantelli, G., Hyatt, A. D., McDonald, K. R., Skerratt, L. 
F., Olsen, V., Clarke, J. M., Gillespie, G., Mahony, M., Sheppard, N., Williams, C. & 
Tyler, M. J. 2004. Effect of season and temperature on mortality in amphibians due to 
chytridiomycosis. Austrailian Veterinary Journal 82:434-439. 
43 
 
Blanford S., & Thomas M. B. 2000. Thermal behavimy of two acridid species: effects of habitat 
and season on body temperature and the potential impact on biocontrol with 
pathogens. Biol. Control 29:1060–1069. 
Blaustein, A. R., Walls, S. C., Bancroft, B. A., Lawler, J. J., Searle, C. L. & Gervasi, S. S. 2010. 
Direct and indirect effects of climate change on amphibian populations. Diversity 2(2): 
281-313. 
Blaustein, A. R., Han, B. A., Relyea, R. A., Johnson, P. T., Buck, J. C., Gervasi, S. S., & Kats, L. 
B. 2011. The complexity of amphibian population declines: understanding the role of 
cofactors in driving amphibian losses. Annals of the New York Academy of 
Sciences 1223(1):108-119. 
Bletz, M. C., Loudon, A. H., Becker, M. H., Bell, S. C., Woodhams, D. C., Minbiole, K. P.C., & 
Harris, R. N. 2013 Mitigating amphibian chytridiomycosis with bioaugmentation: 
characteristics of effective probiotics and strategies for their selection and use. Ecology 
Letters 16:807−820. 
Bowden, T. J. 2008. Modulation of the immune system of fish by their environment. Fish & 
Shellfish Immunology 25(4):373-383. 
Boyle, D. G., Boyle, D. B., Olsen, V., Morgan, J. A. T., & Hyatt, A. D. 2004. Rapid quantitative 
detection of chytridiomycosis (Batrachochytrium dendrobatidis) in amphibian samples 
using real-time Taqman PCR assay. Diseases of Aquatic Organisms 60:141–148. 
Braby, C. E., Somero, G. N., 2006. Following the heart: temperature and salinity effects on heart 
rate in native and invasive species of blue mussels (genus Mytilus). J. Exp. Biol. 
209:2554–2566. 
Brucker, R. M., Harris, R. N., Schwantes, C. R., Gallaher, T. N., Flaherty, D. C., Lam, B. A., & 
Minbiole, K. P. C. 2008. Amphibian chemical defense: antifungal metabolites of the 
44 
 
microsymbiont Janthinobacterium lividum on the salamander Plethodon cinereus. 
Journal of Chemical Ecology 34:1422–1429 
Burger, J. W. 1935. Plethodon cinereus (Green) in eastern Pennsylvania and New Jersey. 
American Naturalist 64:578–586. 
Campbell, H. A., Fraser, K. P. P., Peck, L. S., Bishop, C. M., & Egginton, S. 2007. Life in the 
fast lane: the free-ranging activity, heart rate and metabolism of an Antarctic fish tracked 
in temperate waters. J. Exp. Mar. Biol. Ecol. 349:142–151. 
Carey, C., Cohen, N., & Rollins-Smith, L. 1999. Amphibian declines: An immunological 
perspective. Developmental and Comparative Immunology 23:459–472. 
Chan, D. K. O., & Woo, N. Y. S. 1978. Effect of cortisol on the metabolism of the eel, Anguilla 
japonica. Gen. Comp. Endocrinol. 35:205–215. 
Chatfield, M. W., & Richards-Zawacki, C. L. 2011. Elevated temperature as a treatment for 
Batrachochytrium dendrobatidis infection in captive frogs. Diseases of Aquatic 
Organisms 94(3):235-238. 
Chrousos, G. P. 2009. Stress and disorders of the stress system. Nature Reviews Endocrinology 
5:374–381. 
Cohen, J. M., Venesky, M. D., Sauer, E. L., Civitello, D. J., McMahon, T. A., Roznik, E. A., & 
Rohr, J. R. 2017. The thermal mismatch hypothesis explains host susceptibility to an 
emerging infectious disease. Ecology letters 20(2):184-193. 
Colombo, B. M., Scalvenz,i T., Benlamara, S., & Pollet, N. 2015. Microbiota and mucosal 
immunity in amphibians. Front Immunol 6:111. 
Colwell, R. K., Brehm, G., Cardel´us, C. L., Gilman, A. C., & Longino, J. T. 2008. Global 
warming, elevational range shifts, and lowland biotic attrition in the wet tropics. Science 
322:258–261. 
45 
 
Cone, R. E., & Marchalonis, J. J. 1972. Cellular and humoral aspects of the influence of 
environmental temperature on the immune response of poikilothermic vertebrates. 
Journal of Immunology 108:952-957. 
CordeiroDeSousa, M. B., & Hoffmann A. 1985. Autonomic adjustments during avoidance and 
orienting responses induced by electrical stimulation of the central nervous system in 
toads (Bufo paracnemis). Journal of Comparative Physiology: Part B 155:381–386. 
Davis, A. K. & Milanovich, J. R. 2010. Lead-phase and red-stripe color morphs of red-backed 
salamanders (Plethodon cinereus) differ in hematological stress indices: A consequence 
of differential predation pressure. Current Zoology 56(2). 
DeBoeck, G., Alsop, D., & Wood, C., 2001. Cortisol effects on aerobic and anaerobic 
metabolism, nitrogen excretion, and whole-body composition in juvenile rainbow trout. 
Physiol. Biochem. Zool. 74:858–868. 
Dhabhar, F. S., Miller, A. H., McEwen, B. S., Spencer, R. L. 1995. Effects of stress on immune 
cell distribution. Dynamics and hormonal mechanisms. J. Immunol. 154:5511–5527. 
Diamond S. E., & Kingsolver J. G. 2011. Host plant quality, selection history and trade-offs 
shape the immune responses of Manduca sexta. Proc R Soc Lond B 278:289-297. 
DuRant, S. E., Romero, L. M., Talent, L. G., & Hopkins, W. A. 2008. Effect of exogenous 
corticosterone on respiration in a reptile. Gen. Comp. Endocrinol. 156:126–133. 
Feder, M. E., & Pough, F. H. 1975. Temperature selection by the red-backed salamander, 
Plethodon cinereus (Caudata: Plethodontidae). Comparative Biochemistry and 
Physiology Part A: Physiology 50(1):91-98. 
Fisher, M. C., Garner, T. W. J., & Walker, S. F. 2009. Global emergence of Batrachochytrium 
dendrobatidis and amphibian chytridiomycosis in space, time, and host. Annual Review 
of Microbiology 63:291–310. 
46 
 
Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., McCraw, S. L., & 
Gurr, S. J. 2012. Emerging fungal threats to animal, plant and ecosystem health. Nature 
484(7393):186-194. 
Fisher-Reid, M. C., Engstrom, T. N., Kuczynski, C. A., Stephens, P. R., & Wiens, J. J. 2013. 
Parapatric divergence of sympatric morphs in a salamander: incipient speciation on Long 
Island? Molecular ecology 22(18):4681-4694. 
Fleming, M. M., Mills, L. B., Russell, J. K., Smith, G. R., & Rettig, J. E. 2011. Effects of trails 
on eastern redback salamander (Plethodon cinereus). Herpetological Notes 4: 229-232. 
Fonner, C., Patel, S., Boord, S., Venesky, M. D., & Woodley, S. K. 2017. Effects of 
corticosterone on infection and disease in salamanders exposed to the amphibian fungal 
pathogen Batrachocytrium dendrobatidis. Diseases of Aquatic Organisms 123:159–171.  
Franklin, C. E., Davison, W., & Seebacher, F. 200) Antarctic fish can compensate for rising 
temperatures: thermal acclimation of cardiac performance in Pagothenia borchgrevinki. 
Journal of Experimental Biology 210:3068–3074. 
Gabor, C. R. 1995. Correlational test of Mathis’ hypothesis that bigger salamanders have better 
territories. Copeia 1995:729–735. 
Gardner S. N., & Thomas M. B. 2002. Costs and benefits of fighting infection in locusts. Evol. 
Ecol. Res. 4:109–131. 
Gatz, R. N., Crawford Jr, E. C., & Piiper, J. 1975. Kinetics of inert gas equilibration in an 
exclusively skin-breathing salamander, Desmognathus fuscus. Respiration Physiology, 
24(1):15-29. 
47 
 
Geiger, C. C., Küpfer, E., Schär, S., Wolf, S., & Schmidt, B. R. 2011. Elevated temperature 
clears chytrid fungus infections from tadpoles of the midwife toad, Alytes 
obstetricans. Amphibia-Reptilia 32(2):276-280. 
Gibbs, J. P. & Karraker, N. E. 2006. Effects of warming condition in eastern North American 
forests on red-backed salamander morphology. Conservation Biology 20:913–917. 
Gollock, M. J., Currie, S., Petersen, L. H., & Gamperl, A. K. 2006. Cardiovascular and 
haematological responses of Atlantic cod (Gadus morhua) to acute temperature increase. 
J. Exp. Biol. 209:2961-2970. 
Grigg, G. C., & Seebacher, F. 1999. Field test of a paradigm: hysteresis of heart rate in 
thermoregulation by a free-ranging lizard (Pogona barbata). Proceedings of the Royal 
Society of London B: Biological Sciences 266(1425):1291-1297. 
Harris R. N., James T. Y., Lauer A., Simon M. A., & Patel, A. 2006. Amphibian 
pathogen Batrachochytrium dendrobatidis is inhibited by the cutaneous bacteria of 
amphibian species. EcoHealth 3:53–56.  
Helm, M. M., & Trueman, E. R. 1967. The effect of exposure on the heart rate of the mussel, 
Mytilus edulis. Comp. Biochem. Physiol. 21:171–177. 
Hillman, S. S., Withers, P. C., Palioca, W. B., & Ruben, J. A. 1987. Cardiovascular 
consequences of hypercalcemia during activity in two species of amphibian. Journal of 
Experimental Zoology 242:303–308. 
Hoffmann, M., Hilton-Taylor, C., Angulo, A., Böhm, M., Brooks, T. M., Butchart, S. H., 
Carpenter, K. E., Chanson, J., Collen, B., Cox, N. A. & Darwall, W. R. 2010. The impact 
of conservation on the status of the world’s vertebrates. Science 330:1503-1509. 
48 
 
Homyack, J. A., Haas, C. A., & Hopkins, W. A. 2010. Influence of temperature and body mass 
on standard metabolic rate of eastern red-backed salamanders (Plethodon 
cinereus). Journal of Thermal Biology 35(3):143-146. 
Hurbert, S. H. 1984. Pseudoreplication and the design of ecological field experiments. 
Ecological Monographs 54:187-211. 
Hyatt, A. D., Boyle, D. G., Olsen, V., Boyle, D. B., Berger, L., Obendorf, D., Dalton, A., Kriger, 
K., Hero, J. M., Hines, H., Phillott, R., Campbell, R., Marantelli, G., Gleason, F., & 
Colling, A. 2007. Diagnostic assays and sampling protocols for the detection of 
Batrachochytrium dendrobatidis. Diseases of Aquatic Organisms 73:175–192. 
Johnson, M. L., Berger, L., Phillips, L., & Speare, R. 2003. Fungicidal effects of chemical 
disinfectants, UV light, desiccation and heat on the amphibian chytrid, Batrachochytrium 
dendrobatidis. Diseases of aquatic organisms 57:255-260. 
Jozkowicz, A., & Plytycz, B. 1998. Temperature but not season affects the transplantation 
immunity of anuran amphibians. Journal of Experimental Zoology 281:58-64. 
Kriger, K. M., & Hero, J. M. 2007. Large-scale seasonal variation in the prevalence and severity 
of chytridiomycosis. Journal of Zoology 271:352-359. 
Kriger, K. M., Hero, J. M., & Ashton, K. J. 2006. Cost efficiency in the detection of 
chytridiomycosis using PCR assay. Diseases of Aquatic Organisms 71:149–154. 
Laming, P. R., & Austin, M. 1981. Cardiac responses of the anurans, Bufo bufo and Rana pipiens 
during behavioural arousal and fright. Comparative Biochemistry and Physiology: Part A. 
68:515–518. 
49 
 
Lillywhite, H. B., Zippel, K. C., & Farrell, A.P. 1999. Resting and maximal heart rates in 
ectothermic vertebrates. Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology 124:369–382. 
Lin, H. H., & Rowlands, D. T. 1973. Thermal regulation of the immune response in South 
American toads (Bufo marinus). Immunology 24:129-133. 
Lochmiller, R. L., Deerenberg, C. 2000. Trade-offs in evolutionary immunology: Just what is the 
cost of immunity? Oikos 88:87−98. 
Lotter, F., & Scott, N. J. 1977. Correlation between climate and distribution of the color morphs 
of the salamander Plethodon cinereus. Copeia 1977:681–690. 
Lowe, G. A., & Trueman, E. R.,1972. The heart and water flow rates of Mya arenaria (Bivalvia: 
Mollusca) at different metabolic levels. Comp. Biochem. Physiol. A. 41:487–494. 
Maina, J. N. 1998. The Gas Exchangers: Structure, Function, and Evolution of the Respiratory 
Processes. Springer-Verlag Berlin Heidelberg, New York, NY. 
Maniero, G. D., & Carey, C. 1997. Changes in selected aspects of immune function in the 
leopard frog, Rana pipiens, associated with exposure to cold. J. Compar. Physiol. 
167:256–263. 
Mathis, A. 1990. Territoriality in a terrestrial salamander: The influence of 
resource quality and body size. Behavimy 112:162– 174. 
Mathis, A. 1991. Large male advantage for access to females: Evidence of male– 
male competition and female discrimination in a territorial salamander. 
Behavioral Ecology and Sociobiology 29:133– 138. 
Milanovich, J. R., & Maerz, J. C. 2013. Realistic fasting does not affect stable isotope levels of a 
metabolically efficient salamander. Journal of Herpetology 47(4):544-548. 
50 
 
Moore, J. D., & Ouellet, M. 2015. Questioning the use of an amphibian colmy morph as an 
indicator of climate change. Global change biology 21(2):566-571. 
Moreno, G. 1989. Behavioral and physiological differentiation between the color morphs of the 
salamander, Plethodon cinereus. Journal of Herpetology 335-341. 
Muletz, C, Caruso, N. M., Fleischer, R. C., McDiarmid, R. W., Lips, K. R. 2014 Unexpected 
rarity of the pathogen Batrachochytrium dendrobatidis in Appalachian Plethodon 
salamanders: 1957-2011. PLoS ONE 9:e103728 
Nowakowski, A. J., Whitfield, S. M., Eskew, E. A., Thompson, M. E., Rose, J. P., Caraballo, B. 
L., Kerby, J. L., Donnelly, M. A., & Todd, B. D. 2016. Infection risk decreases with 
increasing mismatch in host and pathogen environmental tolerances. Ecol. Lett. 19:1051–
1061. 
Paluh, D. J., Eddy, C., Ivanov, K., Hickerson, C. M., and Anthony, C. D. 2015. Selective 
foraging on ants by a terrestrial polymorphic salamander. American Midland Naturalist 
174:265-277. 
Petruzzi, E. E., Niewiarowski, P. H., & Moore., F. B. 2006. The role of thermal niche selection 
in maintenance of a colmy polymorphism in redback salamanders (Plethodon cinereus). 
Frontiers in Zoology 3(1):10. 
Piotrowski, J. S., Annis, L. S., & Longcore, J. E. 2004. Physiology of Batrachochytrium 
dendrobatidis, a chytrid pathogen of amphibians. Mycologia 96:9-15. 
Plytycz, B., Józkowicz, A., Menaszek, E., & Bigaj, J. 1994. The effect of malnutrition on 
transplantation immunity and lymphoid organs in the edible frog Rana esculenta. Journal 
of Nutritional Immunology 2(2):43-55. 
Dimock Jr., R.V. 1996. Effects of temperature and pO2 on the heart rate of juvenile and adult 
freshwater mussels (Bivalvia: Unionidae). Comp. Biochem. Physiol. A. 114:135–141. 
51 
 
Porter, W. P., & Gates, D. M. 1969. Thermodynamic equilibria of animals with environment. 
Ecological Monographs 39:227–244. 
Pounds, J. A., Bustamante, M. R., Coloma, L. A., Consuegra, J. A., Fogden, M. P., Foster, P. N., 
LaMarca, E., Masters, K. L., Merino-Viteri, A., Puschendorf, R., Ron, S. R., Sánchez-
Azofeifa, G. A., Still, C. J., & Young, B. E. 2006. Widespread amphibian extinctions 
from epidemic disease driven by global warming. Nature 439:161-167. 
Preest, M. R., & Cree, A. 2008. Corticosterone treatment has subtle effects on thermoregulatory 
behavior and raises metabolic rate in the New Zealand common gecko, Hoplodactylus 
maculatus. Physiol. Biochem. Zool. 81:641–650. 
Rachowicz, L. J., Hero, J. M., Alford, R. A., Taylor, J. W., Morgan, J. A. T., Vredenburg, V. T., 
Collins, J. P., & Briggs, C. J. 2005. The novel and endemic pathogen hypotheses: 
competing explanations for the origin of emerging infectious diseases of wildlife. 
Conservation Biology 19:1441–1448. 
Reiter, M. K., Anthony, C. D., & Hickerson, C. A. M. 2014. Territorial behavior and ecological 
divergence in a polymorphic salamander. Copeia 2014(3):481-488. 
Rohr, J. R., Raffel, T. R., Blaustein, A. R., Johnson, P. T., Paull, S. H., & Young, S. 2013. Using 
physiology to understand climate-driven changes in disease and their implications for 
conservation. Conservation physiology, 1(1). 
Richards-Zawacki, C. L. 2009. Thermoregulatory behavimy affects prevalence of chytrid fungal 
infection in a wild population of Panamanian golden frogs. Proceedings of the Royal 
Society of London B: Biological Sciences, rspb20091656. 
Riddell, E. A., McPhail, J., Damm, J. D., & Sears, M. W. 2018. Trade‐offs between water loss 
and gas exchange influence habitat suitability of a woodland salamander. Functional 
Ecology. 
52 
 
Rollins-Smith, L. A., & Woodhams, D. C. 2012. Amphibian immunity: staying in tune with the 
environment. In Eco-Immunology, pp. 92-143. Oxford, United Kingdom: Oxford 
University Press. 
Sapolsky, R. M., Romero, L. M., & Munck, A. U. 2000. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 
Endocrine reviews 21(1):55-89. 
Seebacher, F., White, C. R., & Franklin, C. E. 2015 Physiological plasticity increases resilience 
of ectothermic animals to climate change. Nature Climate Change 5:61–66. 
Sheldon, B. C., & Verhulst, S. 1996. Ecological immunology: costly parasite defenses and trade-
offs in evolutionary ecology. Trends Ecol. Evol. 11:317−321. 
Sherman, E., Baldwin, L., Fernandez, G., & Deurell, E. 1998. Fever and thermal tolerance in the 
toad Bufo marinus. J. Therm. Biol. 16:297–301  
Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S., Fischman, D. L., & 
Waller, R. W. 2004. Status and trends of amphibian declines and extinctions worldwide. 
Science 306:1783-1786. 
Stuczka, A., Hickerson, C., and Anthony, C. 2016. Niche partitioning along the diet axis in a 
colmy polymorphic population of Eastern Red-backed Salamanders, Plethodon cinereus. 
Amphibia-Reptilia 37:283-290. 
Taylor, S. E., Egginton, S., & Taylor, E. W. 1996. Respiratory and morphometric limits to 
maximal sustainable exercise in the rainbow trout with seasonal temperature 
acclimatization. J. Exp. Biol. 199:835-845. 
Townsend, V. R. Jr., Akin, J. A., & Jaeger, R. G. 1998. The significance of small body size in 
territorial defense in the red- backed salamander, Plethodon cinereus. Journal of 
Herpetology 32:579– 581. 
53 
 
Tyler E. R., Adams S., & Mallon E. B. 2006. An immune response in the bumblebee, Bombus 
terrestris leads to increased food consumption. BMC Physiology 6:6 
Venesky, M. D., & Anthony, C. D. 2007. Antipredator adaptations and predator avoidance by 
two color morphs of the eastern red-backed salamander, Plethodon cinereus. 
Herpetologica 63(4):450-458. 
Venesky, M. D., Hess, A., DeMarchi, J. A., Weil, A., Murone, J., Hickerson, C. A., & Anthony, 
C. D. 2015. Morph‐specific differences in disease prevalence and pathogen‐induced 
mortality in a terrestrial polymorphic salamander. Journal of Zoology 295(4):279-285. 
Voyles, J., Johnson, L. R., Briggs, C. J., Cashins, S. D., Alford, R. A., Berger, L., Skerratt, L. F., 
Speare, R., & Rosenblum E. B. 2012. Temperature alters reproductive life history 
patterns in Batrachochytrium dendrobatidis, a lethal pathogen associated with the global 
loss of amphibians. Ecology & Evolution 2:2241-2249.  
Vredenburg, V. T., Knapp, R. A., Tunstall, T. S., & Briggs, C. J. 2010. Dynamics of an emerging 
disease drive large-scale amphibian population extinctions. Proceedings of the National 
Academy of Sciences 107(21):9689-9694. 
Wack, C. L., DuRant, S. E., Hopkins, C. D., Lovern, M. B., Feldhoff, R. C. & Woodley, S. K. 
2012. Elevation of plasma corticosterone increases metabolic rate in a terrestrial 
salamander. Comparative Biochemistry and Physiology: Part A 161:153–158. 
Wahlqvist, I., & G. Campbell. 1988. Autonomic influences on heart rate and blood pressure in 
the toad, Bufo marinus, at rest and during exercise. Journal of Experimental Biology. 
134:377–396. 
Weitzel, G. J., & Mueller, C. F. 1973. Effects of temperature and activity on heart rates of 
Plethodon cinereus. Journal of Herpetology 7:93-96.  
54 
 
Wake, D. B., & Vredenburg, V. T. 2008. Are we in the midst of the sixth mass extinction? A 
view from the world of amphibians. Proceedings of the National Academy of 
Sciences 105:11466-11473. 
Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J. C., Fromentin, J. 
M., Hoegh-Guldberg, O., & Bairlein, F. 2002. Ecological responses to recent climate 
change. Nature 416:389–395. 
Williams, E. E., Highton, R., & Cooper, D. M. 1968. Breakdown of polymorphism of the red-
backed salamander on Long Island. Evolution 22:76–86. 
Woodhams, D. C., Alford, R. A., & Marantelli, G. 2003. Emerging disease of amphibians cured 
by elevated body temperature. Diseases of Aquatic Organisms 55:65–67. 
Woodhams, D. C., & Alford, R. A. 2005. Ecology of chytridiomycosis in rainforest stream frog 
assemblages of tropical Queensland. Conservation Biology 19:1449-1459. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
55 
 
Figures 
 
 
Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
56 
 
Figure 2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
57 
 
Figure 3.  
 
 
 
58 
 
Figure 4.  
 
 
 
Figure 5. 
 
59 
 
 
 
Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure Legends 
Figure 1.  
Bd abundance (log Bd +1) of cold and warm treatments on day 7 (open diamonds) and day 14 
(grey triangles). The solid line indicates day 7 trendline and the dashed line represents day 14 
trendline. All exposed salamanders were included. 
 
Figure 2.  
Day 14 Bd abundance (log Bd +1) as a function of salamander temperature. Unstriped morphs 
are represented by open squares and striped morphs by black circles. The dotted line is the best 
fit line for unstriped salamanders and the uniformly black line represents striped salamanders. 
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Figure 3.  
The probability of infection on day 7 between morphs comparing those exposed to the frequency 
of infected across temperatures. ‘A’ represents the probability of infection among striped morphs 
across temperatures. ‘B’ represents the probability of infection among unstriped morphs across 
temperatures. The red line indicates probability of infection as temperature rises. 
 
Figure 4.  
Morph specific baseline heart rates across temperatures. Black circles represent unstriped morph 
heart rates. Open circles represent striped morph heart rates.  
 
Figure 5.  
The relationship between average heart rate (bpm) and salamander temperature (°C) on day 14. 
Black squares represent infected salamanders. Grey diamonds represent exposed but not infected 
salamanders and open circles are non-exposed salamanders to Bd inoculate. The dotted black line 
indicates the best fit line of infected salamanders (R2 = 0.76). Both exposed and non-exposed had 
almost identical trend lines so only one was drawn as seen by the grey solid best fit line (R2 = 
0.70, 0.69) 
 
Figure 6.  
Percent mass change between infected, exposed but not infected, and non-infected salamanders. 
White bar represents non-infected salamanders, grey bar represents exposed but not infected 
salamanders and the dark grey bar represents infected salamanders’ percent mass change. Error 
bars represent +/- SE.  
